In order to analyze and compare the differences in pore structures between shale gas and shale oil formations, a few samples from the Longmaxi and Bakken Formations were collected and studied using X-ray diffraction, LECO TOC measurement, gas adsorption and field-emission scanning electron microscope. The results show that samples from the Bakken Formation have a higher TOC than those from the Longmaxi Formation. The Longmaxi Formation has higher micropore volume and larger micropore surface area and exhibited a smaller average distribution of microsize pores compared to the Bakken Formation. Both formations have similar meso-macropore volume. The Longmaxi Formation has a much larger meso-macropore surface area, which is corresponding to a smaller average meso-macropore size. CO 2 adsorption data processing shows that the pore size of the majority of the micropores in the samples from the Longmaxi Formation is less than 1 nm, while the pore size of the most of the micropores in the samples from the Bakken Formation is larger than 1 nm. Both formations have the same number of pore clusters in the 2-20 nm range, but the Bakken Formation has two additional pore size groups with mean pore size diameters larger than 20 nm. Multifractal analysis of pore size distribution curves that was derived from gas adsorption indicates that the samples from the Longmaxi Formation have more significant micropore heterogeneity and less meso-macropore heterogeneity. Abundant micropores as well as mesomacropores exist in the organic matter in the Longmaxi Formation, while the organic matter of the Bakken Formation hosts mainly micropores.
Introduction
Production from shale gas and shale oil reservoirs now makes a significant percentage of the total production of hydrocarbons. This has led to a dramatic increase in the number of studies of these types of rocks from different angles, including pore structures (Mirzaei-Paiaman and Saboorian-Jooybari 2016; Zhao et al. 2019) . It is well understood that pore structure can significantly influence storage capabilities and transport properties of these types of reservoirs (Cai and Yu 2011; Hu et al. 2017; Li et al. 2017a, b, c; Mirzaei-Paiaman et al. 2015 . This makes further investigation into pore structures and other relevant characteristics highly important.
The International Union of Pure and Applied Chemistry (IUPAC) has divided pores into three categories based on their size: micropores (\ 2 nm), mesopores (2-50 nm) and macropores ([ 50 nm) (Rouquerolb et al. 1994) . During the last decade, a wide range of methods has been applied to characterize these pores including: mercury intrusion porosimetry (MIP) (Gao and Hu 2013) , gas adsorption methods (Huang and Zhao 2017; Shao et al. 2017; Wang et al. 2016) , small-angle neutron scattering (SANS) and ultra-small-angle neutron scattering (USANS)
Edited by Yan-Hua Sun (Clarkson et al. 2013; Zhao et al. 2017a) , nuclear magnetic resonance (Zhao et al. 2017b) , direct observation methods such as field-emission scanning electron microscope (FE-SEM) (Klaver et al. 2012; Loucks et al. 2009; , atomic force microscopy (AFM) (Javadpour 2009; Liu et al. 2016) , microfocus X-ray computed tomography (l-CT) (Li et al. 2017a, b, c; Su et al. 2018; Zhang et al. 2016 ) and transmission electron microscopy (TEM) (Bernard et al. 2012 ).
The majority of published studies that characterize pore structures of shale reservoirs have focused solely on shale gas or shale oil formations separately and do not present a comparative perspective (Bowker 2007; Wei et al. 2018; Yin et al. 2016; Zou et al. 2017) . However, the comparison of pore structures between these two completely different types of reservoirs can help us to better understand pore structures and will result in more successful field operations.
The Longmaxi Formation, also known as ''hot shale,'' is the leading shale gas target play in the Sichuan Basin, China . It is widely distributed and was deposited in a marine environment. It consists of black organic shale with an average total organic content (TOC) around 2.6%, with siliceous shale, carbonaceous shale and argillaceous siltstone (Guo 2016) . The Bakken Formation is one of the largest shale oil plays in the world spreading between USA and Canada and consists of three different members. The upper and lower members of the Bakken Formation have a high organic matter content (an average of 8% and 10% TOC, respectively), while the Middle Bakken is composed of mixed carbonates and fine-grained clastics. The upper and lower members are considered source rocks for the middle member which is the reservoir rock (Jin et al. 2015; Smith and Bustin 1995; Sonnonberg et al. 2011; Pitman et al. 2001) .
In this study, we collected five samples from the Longmaxi Formation (Samples 1-5) and five samples from Bakken Formation (Upper Bakken) (Sample 6-10) to: (1) compare the pore volume and surface area of a wide range of pore sizes with CO 2 and N 2 adsorption methods, (2) quantify different numbers of pore families in the samples based on pore size distribution curves, (3) characterize pore structures and compare the heterogeneity of micropores and meso-macropores within the samples and finally, (4) present and compare the impact of rock composition on pore structures for each of these two formations separately.
Materials and methods

Samples
Five samples from the Longmaxi Formation in the Jiaoshiba Gas Field and 5 samples from the Bakken Formation in the Williston Basin in the State of North Dakota, USA, were collected and prepared for the following set of analysis. Part of these samples have been analyzed in our previous study (Wang et al. 2016; 2018a b) .
Mineralogy and TOC
Bulk mineralogical composition of the samples was analyzed using a Bruker D8 Advance X-ray diffractometer (XRD). The scanning measurements were performed at a rate of 2°/min in the 38-90°range, and then the mineral compositions were estimated by analyzing the peaks . The TOC was measured by a LECO CS230 carbon/sulfur analyzer. For this purpose, samples were crushed to less than 100 mesh and then introduced to hydrochloric acid to remove the carbonates (Wang et al. 2016) . In the next step, the samples are washed with distilled water and put in an oven at 70°C until dried. Then, the TOC can be measured.
Gas adsorption
The samples were crushed to small grains less than 250 lm in size. The crushed grains were degassed for at least 8 h at 110°C to remove the bound water which is absorbed by clay minerals (Zou et al. 2017 ). Low-pressure nitrogen was used on a Micromeritics Ò Tristar II apparatus at 77 K, while carbon dioxide adsorption data were obtained at 273 K. The gas adsorption volume was measured through the relative equilibrium adsorption pressure changes. Density functional theory (DFT) was applied to analyze the pore size distribution (PSD) data from N 2 adsorption (Do and Do 2003) , while non-local density functional theory was used to analyze the carbon dioxide adsorption measurements (Amankwah and Schwarz 1995; Fan and Ziegler 1992) .
Multifractal analysis
In order to describe the complexity of the pore structures, fractal theory, which was initially proposed by Mandelbrot (1977) , has been widely used in pore structure analysis (Cai and Yu 2011; Wei et al. 2015) . A fundamental characteristic of a fractal object is that the measured properties are a function of the scale of measurement. A good fractal model can give us more information about the pore structures (Xia et al. 2018) . The fractal dimension characterizes the average properties but cannot describe the variations from the average (Gould and Vadakkan 2011) , while multifractal analysis which decomposes the self-similar measures into intertwined fractal sets, characterized by their singularity strength, can provide more information about how the pores are distributed (Li et al. 2012) . In this paper, multifractal analysis was applied. The box-counting method was applied to analyze the pore size distribution data of the samples from the two different methods. In this procedure, a set of different boxes with equal length (e) are labeled by index i where N(e) is defined as the total number of boxes with the size of e to cover the curve we analyzed. We will denote the section of the ith box of size e as u i (e). In this study, the relative pressure (P/P 0 ) is equal and representing the length of the box which is e (Ferreiro et al. 2009 (Ferreiro et al. , 2010 . These boxes of length e were laid over the gas adsorption isotherm curve. Thus, the probability mass function for the ith box can be calculated using the following equation:
where N i (e) is the volume of adsorbed nitrogen for the ith box. Thus, the total volume of gas adsorbed in the pores will be N T . Consequently, p i (e) can be defined by an exponential function of the following form:
where a i is the singularity exponent and represents the behavior of singularities of the system approaching to infinity as e gets closer to 0 (Feder 1988; Halsey et al. 1986 ). For multifractally distributed properties of intervals of size e, N(e) increases when e decreases. This relationship can be presented in a power law mode of the following form:
where N a (e) is the number of boxes for which probability mass function of the ith box, p i (e), has singularity strength between a and a ? da. Then, f(a) represents the spectrum of the fractal dimensions that characterizes the abundance in the set with a singularity. Subsequently, Chhabra and Jensen (1989) 
In the above equations, the fractal properties at different scales of the object can be expressed as q. In this study, a and f(a) were calculated through a linear regression using Eqs. (4) and (5) with q varying from -10 to 10 for successive unit steps. Therefore, considering the application of multifractal analysis, a probability distribution function is defined as:
where s q is the mass scaling function of order q which is defined as:
Thus, the generalized dimension (D q ) which is related to q can be expressed as:
While for q = 1, D q will become:
3 Results and discussion 
Mineralogical compositions and TOC
Gas adsorption analysis
N 2 adsorption
Figures 1 and 2 represent N 2 adsorption isotherms of the Longmaxi and Bakken Formation samples, respectively. It can be found from these figures that at very low relative pressures, the amount of adsorption of the gas depends on the micropore volume and their presence in the samples, while an increase in relative pressure initiates multilayer adsorption. The knee bend in Figs. 1 and 2 explains a transition from monolayer adsorption to multilayer adsorption. Additionally, a wider hysteresis loop can be found from Longmaxi samples compared to those from the Bakken Formation. The desorption curves for all samples were forced to coincide with the adsorption curve when the relative pressure was 0.4-0.6 due to the tensile strength effect (Groen et al. 2003) . One main difference between the isotherms of samples from the Bakken Formation and the Longmaxi Formation is the disappearance of the hysteresis loop at a specific value for the Bakken samples (Fig. 2) . Moreover, the shape of the hysteresis loop can be related to the shape of the pores within the samples. Considering the shape of the hysteresis loop in Figs. 1 and 2, it can be seen that pores within the samples from the Longmaxi Formation are mostly ''ink-bottle shaped,'' that is, with a wide body and a narrow neck, but pores from the Bakken Formation are mainly composed of cylindrical-and slit-shaped pores ( Fig. 3 ) (Li et al. 2017a, b; Mendhe et al. 2017; Sing et al. 1985; Thommes et al. 2015) . This difference between the pore shapes of these two sets of rock samples can indicate the difference in the origin of the hysteresis. The form of the hysteresis curve of the Bakken samples can be attributed to the adsorption metastability. For cylindrical pores which are typically open-ended pores, the delayed condensation of the gas is due to the metastability of the absorbed multilayer. This is followed by the fact that in an assembly of cylindrical pores, the adsorption branch of the hysteresis loop is not in a thermodynamic equilibrium state. Therefore, if the pores are filled with a liquid-like condensate, thermodynamic equilibration will be established on the desorption branch of the curve instead (Landers et al. 2013; Monson 2012; Thommes and Cychosz 2014) . Regarding the samples from the Longmaxi Formation, the desorption path can be dependent on the pore network and various forms of the pores being blocked due to the existence of ''ink-bottle shaped'' pores. In these types of pores, the wider end of the pores gains access to the external surface only through a narrower neck. These types of pores are filled and remain filled during the desorption process until the narrow necks are emptied at the lower vapor pressures (Landers et al. 2013; Monson 2012; Thommes and Cychosz 2014) . Finally, none of the samples demonstrate a horizontal plateau as the relative pressure gets closer to 1. This confirms that samples from both formations contain a good quantity of large macropores which cannot be characterized by the nitrogen gas adsorption technique (Schmitt et al. 2013 ).
CO 2 adsorption
CO 2 adsorption was utilized in this study specifically to quantify the micropores. Figure 4a , b represents CO 2 adsorption isotherms of samples from the Longmaxi and Bakken Formations, respectively. The CO 2 adsorption curves for all the samples that were analyzed in this study illustrate that as the relative pressure increases, the adsorption quantity would increase rapidly and then followed by a slower increase when the relative pressure reaches the critical point.
Pore parameter analysis
Various pore parameters including the surface area and volume which are derived from N 2 and CO 2 adsorption for both groups of samples are given in Tables 2 and 3,  respectively. The results from N 2 adsorption in Table 2 clarify that the surface area of the samples from the Longmaxi is 3 to 8 times of the surface area of the Bakken samples. Comparing these two sets of samples, the Longmaxi Formation with similar total pore volume has a much larger surface area which indicates that samples from the Longmaxi Formation have much smaller pore sizes. Pore parameters that are calculated from CO 2 adsorption analysis in Table 3 illustrate that the micropore volume and surface area of the samples from the Longmaxi Formation are larger than that from the Bakken Formation. To provide a better explanation, Sample 2 is around 3 times larger than Sample 7 in micropore volume, and 5 times greater than Sample 7 in pore surface area. Thus, it can be concluded that the average pore size of Sample 2 which is from the Longmaxi Formation is smaller than the average pore size of Sample 7 from the Bakken Formation. It should be noted that CO 2 can characterize the micropore parameters, while N 2 adsorption can be used to derive the meso-macropore- 3.4 Pore size distributions The meso-macropore size distributions that were derived from N 2 gas adsorption are shown in Fig. 6 . The deconvolution theory was applied to the experimental data in order to differentiate between various pore families based on the main peaks of the PSD curve. The detailed analysis procedure can be seen in our previous publication . Briefly, the pore size distributions of the shale samples can be regarded as the sum of different pore families (J = 1, …, n) and each pore size family should fit a Gaussian/normal distribution Sorelli et al. 2008; Ulm et al. 2007 ). Then, we minimize the difference between the data from the weighted model-phase probability distribution function (PDF) and the experimental PDF to derive the mean value and standard deviation of each pore family using the following equations: 
where U J and S J are the mean value and the standard deviation of pore size distributions of the phase J = 1 to n. f J refers to the volume fractal of the Jth pore family to the total porosity. P x (x i ) is the measured value of the normalized frequency of the pore size x i , and m is the number of the intervals (bins). The blue curve in Fig. 6 represents the experimental data, while the red dashed line shows the fitted curve after the deconvolution was applied. Meso-macropores of the samples from the Longmaxi Formation can be divided into 3 separate pore clusters, while the meso-macropores of the samples from the Bakken can be divided into 5 distinguished pore families. The mean pore size of all three pore families of the Longmaxi Formation is less than 20 nm, whereas in the samples from the Bakken Formation, three pore clusters (Family 1, 2 and 3) have a mean pore size diameter less than 20 nm and the remaining two clusters (Family 4 and 5) have a mean pore size diameter bigger than 20 nm. The detailed results from the deconvolution process are summarized in 
Fractal analysis
The fractal theory is a very practical tool to characterize the overall structure of the pore network in any porous medium. Through this method, we can extract the fractal dimensions from the dataset and then describe the selfsimilar geometric irregularities of the pore space at different scales (Tang et al. 2010) . In this study, the multifractal method was employed to analyze and compare the pore structures of the samples from the Longmaxi and Bakken Formations. which is the distribution of average values of the analyzed structure. D 0 is a measure of the complexity of the pore structures in a porous medium. D 1 is the information dimension and D 2 is the correlation dimension (Li et al. 2012) , while D 0 -D 1 represents the concentration degree of the pore size distribution along the pore size intervals (Li et al. 2015; Song et al. 2018) . The data in Table 5 indicate that the samples from the Longmaxi Formation have larger D 0 -D 1 values, which means they have a more concentrated pore size distribution. The multifractal spectrum of all samples is plotted in Fig. 8 . Similar to D q , a q also decreases as q increases. This relationship enables us to calculate the fluctuations of maximum probability (a max ) and minimum probability (a min ) of pore size distributions (Costa and Nogueira 2015) . Hence, the related extension of the singularity length (Da), which can denote the heterogeneity that exists in pore size distributions, can be quantified. the Longmaxi samples is more heterogeneous in nature compared to that of the Bakken samples.
Multifractal analysis of CO 2 adsorption
Multifractal analysis of N 2 adsorption
The generalized dimensions and the singularity of all samples from N 2 adsorption are shown in Figs. 9 and 10, respectively. From this figure, it is seen that D q and a q will both decrease as q increases, meaning that PSD curves from N 2 adsorption can be described via a multifractal behavior. The Hurst exponent (H) which is defined as (D 2 ? 1)/2 can be used to characterize pore connectivity (Riedi et al. 1999) . Considering the results in Table 6 , the Longmaxi samples have slightly higher average H values than the Bakken samples which infers that pore connectivity in these samples is slightly superior to the samples Formation are more heterogeneous compared to that of the samples from the Longmaxi Formation. It was stated previously that CO 2 adsorption can quantify micropores and N 2 adsorption can characterize the structures of meso-macropores. The multifractal analysis from CO 2 adsorption can provide us with the information about the micropore heterogeneity, while the multifractal analysis from N 2 adsorption can reveal the meso-macropore heterogeneity. The Da derived from CO 2 adsorption is smaller than the Da from N 2 adsorption, reflecting that meso-macropores are more heterogeneous than micropores. An overall comparison among all samples regarding their heterogeneity showed that the Longmaxi Formation has greater micropore heterogeneity, whereas the Bakken Formation has more significant meso-macropore heterogeneity.
The influence of the organic matter and mineral compositions (PLS analysis)
The compositions of the shale rock (including the organic matter and the minerals) could affect the pore structures of shale samples. In order to avoid eliminating the influence of one rock composition on the other based on the bivariate plots, when in fact the parameter may exert a significant influence when it is joined by another independent parameter, partial least squares (PLS) regression was applied . PLS regression is a statistical method that shows some relation to principal components regression. Instead of finding hyperplanes of maximum variance between the response and independent variables, this method could find a linear regression model by projecting the predicted variables and the observable variables to a new space (Wold et al. 2001) . In this part, the influence of the rock compositions of the Longmaxi and Bakken shale samples on the pore structures will be studied separately. The pore structures (micropore volume, mesopore volume, macropore volume, micropore surface area, mesopore surface area, macropore surface area, micropore heterogeneity and meso-macropore heterogeneity) will be input as the dependent parameters, while the rock compositions (minerals and organic matter) will be regarded as the independent parameters. Tables 7 and 8 show the PLS analysis results of the Longmaxi shale samples and Bakken shale samples, respectively. Table 7 shows that for the micropore information of the Longmaxi samples, all the minerals, except clay minerals, have a positive effect on the micropore volume and micropore surface area. The more the organic matter in the samples, the larger the micropore volume and micropore surface area. The positive impact of the organic matter on the micropore structures (pore volume and pore surface area) indicates the existence of abundant micropores in the organic matter. Organic matter and pyrite are the two major compositions that affect the micropore volume and micropore area. The effect of the minerals and organic matter on the mesopore structures and macropore structures are the same which is similar to their influence on the micropore structures. As the minerals (except clay minerals) increase, the pore area (mesopore area and macropore area) and the pore volume (mesopore volume and macropore volume) will increase. The minerals (except clay minerals) have a positive effect on the micropore heterogeneity while having negative effect on the meso-macropore heterogeneity. Overall, various sizes of pores from micropore size to macropore size exist in the Longmaxi samples which can be proved by the SEM images (Fig. 11) .
For the micropore information of the Bakken shale samples, quartz and feldspar have a negative influence on the micropore volume and micropore area, while the rest of the rock compositions have a positive effect on the micropore structures. Among all the compositions, organic matter affects the micropores the most. For the mesopore and macropore structures, the increase in the quartz and feldspar can increase the mesopore volume, mesopore area, macropore area and macropore volume which can indicate the existence of the meso-macropores in these two minerals. The organic matter in Bakken shale samples can increase the micropore surface area and micropore volume while reducing the meso-macropore surface area and volume, demonstrating that the main pores in the organic matter in the Bakken shale are micropores. Quartz and feldspar can decrease the micropore heterogeneity while increasing the meso-macropore heterogeneity. Clay minerals and organic matter can increase the micropore heterogeneity while reducing the meso-macropore heterogeneity.
Overall, the PLS analysis of the influence of the minerals on the pore structures of Longmaxi and Bakken shale samples shows that organic matter and pyrite are the two main compositions that affect the pore structures. Quartz and feldspar in Longmaxi samples can increase the micropore heterogeneity and reduce the meso-macropore heterogeneity, while these two minerals in Bakken shale samples could reduce the micropore heterogeneity and increase the meso-macropore heterogeneity. Organic pores with various sizes (micropore, mesopore and macropore) exist in Longmaxi samples, while the organic matter in Bakken samples mainly hosts micropores. Figure 11 shows FE-SEM images of the samples in this study. It can be seen that a variety of pore sizes exist in the Longmaxi organic matter. We were not able to detect any pores of any size in the organic matter in the Bakken samples (the resolution limitation of the SEM is 9 nm). The discrepancy that was found between the pore structures of organic matter in these two sets of samples is mostly due to the different thermal maturity level of the samples from the Longmaxi and Bakken Formations. Thermal maturity index of the Longmaxi samples is around 2.5%-3.5% (Zhao et al. 2017a, b) which shows the gas generation window, while the maturity index of the Bakken samples is around 0.8% ) which represents the early to middle oil generation window. When the organic matter starts to undergo thermal maturity to produce hydrocarbons, first, micropores are expected to form within the organic matter and, with increasing maturity, micropores will be converted into meso-macropores (Chen and Xiao 2014) .
Conclusions
In this study, we analyzed and compared pore structures of the samples from two major shale plays in the world. The Bakken Formation (shale oil) and the Longmaxi Formation (shale gas) were studied and compared extensively by gas adsorption methods. Based on this outcome, the following conclusions can be drawn:
1. N 2 adsorption isotherms show that the Longmaxi Formation has wider hysteresis loops compared to the Bakken Formation. The hysteresis loop shows that samples from the Longmaxi Formation have more narrow-necked ''ink-bottle shaped'' pores, while the pores in samples from the Bakken Formation are mainly cylindrical and slit shaped.
2. The Longmaxi Formation has a larger micro/mesomacropore surface area and less average micro/mesomacropore sizes than the Bakken Formation. 3. Based on the main peaks of the micropore size distribution from the CO 2 adsorption, most of the micropores in the Longmaxi Formation are less than 1 nm in size, while in the Bakken Formation, most micropores are larger than 1 nm. The deconvolution results from the pore size distributions of N 2 adsorption data show that samples from the Longmaxi Formation have 3 pore size clusters, while samples from the Bakken Formation can be separated into 5 different pore size families with three families similar to the pore clusters in the Longmaxi Formation. 4. The Bakken Formation has less significant micropore heterogeneity and more meso-macropore heterogeneity than the Longmaxi Formation. 5. Organic matter and pyrite are the two main compositions that affect the pore structures. Organic pores with various pore sizes (micropores to macropores) exist in the Longmaxi shale, while the main organic pores in the Bakken shale are micropores. 6. The PLS analysis results show that the influence of some minerals (quartz, feldspar and clay minerals) on the pore structures of the Longmaxi shale is different from their effect on the Bakken shale.
